Methyl mercaptan (CH3SH) is a known interstellar molecule with abundances high enough that the detection of some of its minor isotopologues is promising. The present study aims at providing accurate spectroscopic parameters for the 13 CH3SH isotopologue to facilitate searches in the interstellar medium at millimetre and submillimetre wavelengths. Through careful analysis of recent CH3SH spectra from 49−510 GHz and 1.1−1.5 THz recorded at natural isotopic composition, extensive assignments were possible not only for the ground torsional state of 13 CH3SH, but also in the first and second excited states. The torsion-rotation spectrum displays complex structure due to the large-amplitude internal rotation of the 13 CH3 group, similar to the main and other minor isotopic species of methyl mercaptan. The assigned transition frequencies have been fitted to within experimental error with a 52-parameter model employing the RAM36 programme. With predictions based on this fit, 13 CH3SH was searched for in spectra from the Atacama Large Millimetre/submillimetre Array (ALMA) towards the Galactic centre source Sgr B2(N2). Several transitions were expected to be observable, but all of them turned out to be severely blended with emission from other species, which prevents us from identifying 13 CH3SH in this source. Nos.: 33.15.Hp, 33.15.Mt, 33.20.Bx, 33.20.Sn, 95.30.Ky, 95.80.+p, 95.85.Bh, 
Introduction
Sulphur-bearing molecules account for more than 20 of the roughly 200 molecules discovered in the interstellar medium (ISM) or in the circumstellar envelopes of late-type stars [1, 2] . Some pairs of them were proposed to serve as chemical clocks in the evolution of protostars [3, 4] . However, the chemistry in star-forming regions has been poorly understood at least until quite recently because the abundances of the observed sulphur-bearing molecules in these sources accounted only for a small fraction of the total sulphur budget whose depletion into dust grains has been poorly constrained [5−7] . Considerable progress has been made over the years, in particular in a recent contribution [8] .
Methyl mercaptan, CH3SH, known as well as methanethiol, was one of the molecules discovered early in space by radio-astronomical means, initially only tentatively [9] , but confirmed subsequently [10] . Both observations were made towards the high-mass star-forming region Sagittarius (Sgr) B2 close to the Galactic centre. The molecule was found towards several other star-forming regions since then [11−15] . The Atacama Large Millimetre/submillimetre Array (ALMA) was used recently for unbiased molecular line surveys towards Sgr B2(N) [16] and IRAS 16293−2422 [17] . Methyl mercaptan was found at levels that minor isotopic species could be detected as well.
A large variety of organic molecules in which one 12 C atom is substituted by 13 C have been detected in the ISM over the years, many of them recently. They include 13 C isotopologues of ethanol [16] , glycolaldehyde [18] and formic acid, ketene and acetaldehyde [19] . Even methyl cyanide [20] and ethyl cyanide with two 13 C [21] , cyclopropenylidene with 13 C and D [22] and formaldehyde with 13 C and two D [23] have been detected. These findings were critically dependent on a knowledge of rest frequencies with high accuracy, generated usually from laboratory measurements and provided in databases such as the Cologne Database for Molecular Spectroscopy, CDMS [24, 25] . Such laboratory data were published only quite recently in several cases, sometimes even together with the astronomical study. We list here the most relevant publications for the appropriate isotopologues of ethanol [26] , glycolaldehyde [27] , formic acid [28] , ketene [29] , acetaldehyde [30] , methyl cyanide [31] , ethyl cyanide [21] , cyclopropenylidene [32] and formaldehyde [33] . The detection of so many molecules with one or even two 13 C may be surprising given the terrestrial 12 C/ 13 C ratio of 89 [34] . However, this ratio is only about 20 to 25 in the Galactic centre region [16, 20, 35] , greatly increasing chances to find isotopologues with 13 C in this region. There is a gradient in the Galactic 12 C/ 13 C ratio which increases to around 68 in the ISM in the Solar neighbourhood and even further in the outskirts of the Milky Way [35−37] .
Methyl mercaptan is a heavier homologue of methanol, CH3OH. Initial investigations into the rotation-torsional spectrum of CH3SH in the microwave (MW) and lower millimetrewave (mmw) regions [38−41] were devoted to the determination of its structural and internal rotation parameters. Later mmw studies [42, 43] as well as a work by some of us covering sections of the 1.1−1.8 THz region [44] were carried out to provide accurate transition frequencies for radio-astronomical observations. More recently, we performed new measurements on CH3SD [45] in the 150−510 GHz region to facilitate astronomical searches for this methyl mercaptan isotopic species. In addition, we recorded new spectra of CH3SH covering 49−510 GHz to reach higher J and K rotational quantum numbers for astronomical observations [46] , and also to analyse the intricate perturbations between higher torsional states and lowerlying small amplitude vibrations that manifest themselves already in lower torsional states, especially vt = 2, via torsional interactions. These spectra together with our earlier recordings were sensitive enough to identify a large body of transition frequencies pertaining to CH3 34 SH in natural isotopic composition in the lowest three torsional states [47] . Some lines were subsequently identified tentatively in our ALMA data at about the expected 32 S/ 34 S isotopic ratio, but the number of unblended or slightly blended transitions was too small to report a secure detection of this isotopologue [47] .
In the present work, we report the results of searches for rotation-torsional transitions of 13 CH3SH in the spectral recordings of CH3SH in natural isotopic composition. Previously published data on this isotopologue are, to the best of our knowledge, very limited. Only five transition frequencies were reported [38] , all pertaining to the J = 1−0 a-type transition. The A and E symmetry components were reported for the ground and first excited torsional states, and only the A component for the second excited torsional state. We identified transitions for a wide range of J and K extending up to vt = 2 in the 49−510 GHz and for vt = 0 in the 1.1−1.5 THz recordings. These data were modelled in a very similar way to the previous CH3SD, CH3SH and CH3 34 SH analyses [45−47] . In this work we report also on our search for this isotopic species in our ALMA data taken towards Sgr B2(N).
Experimental details
New measurements in Cologne were carried out covering almost all of the 155−510 GHz frequency range using the Cologne mm/submm wave spectrometer. The frequency source was a set of VDI multiplier chains (Virginia Diodes, Inc.) driven by an Agilent E8257D synthesiser referenced to a rubidium standard. Schottky diodes were used for detection, with the lock-in amplifier set to 2f mode giving close to the second derivative of the actual lineshape. The 5-m double-pass glass cell was maintained at room temperature at pressures of 2−4 Pa. A CH3SH sample (≥ 98%) from Sigma-Aldrich was used without further purification and the 13 C isotopic species was measured in natural abundance. Additional information on the spectrometer system is available in [48] . Uncertainties of 30 kHz were assigned to stronger, isolated lines; larger uncertainties up to 200 kHz were attributed to weaker lines or lines close to others.
The sources used for the earlier measurements in the 1.1−1.5 THz region were similar to those above, except that higher harmonics had to be generated. A liquid helium cooled InSb bolometer (QMC Instruments Ltd.) was employed as detector. The measurements employed the same sample as above at pressures of around 2 Pa, albeit in a 3-m single-pass glass cell. Further details on the spectrometer system are available elsewhere [44] . Accuracies of 10 kHz can be achieved with this spectrometer [49, 50] but for the weak lines of 13 CH3SH in the present study, we attributed uncertainties of 100 kHz and 200 kHz.
Measurements in the 49−150 GHz range were performed in Kharkiv on the automated spectrometer of the Institute of Radio Astronomy of NASU [51] , employing two-step frequency multiplication of a reference synthesizer (385−430 MHz) in two phase-lock-loop (PLL) stages. The first multiplication step is formed by a klystron that operates in the 3.4−5.2 GHz frequency range and has a narrowband (1 kHz) PLL system. Several backward wave oscillators are employed at the second multiplication stage to reach frequencies from 49 to 149 GHz. Frequency modulation was also used in Kharkiv, but with the lock-in amplifier in 1f mode giving close to a first-derivative lineshape. Addition of HCl to a 21% water solution of sodium thiomethoxide, CH3SNa, (purchased from Sigma Aldrich) yielded methyl mercaptan, which was used without further purification. The measurements were performed at room temperature and at pressures in the 1−2 Pa range. The 13 C isotopic species of CH3SH was measured in natural abundance, with uncertainties estimated as 10 kHz for relatively strong isolated lines (S/N > 10), 30 kHz for weak lines (2 < S/N ratio < 10) and 100 kHz for very weak lines (S/N < 2).
Theoretical model
In the present investigation we used the rho-axis-method (RAM) previously applied successfully to the analysis of methyl mercaptan and some of its isotopologues [44−47] . The Hamiltonian is based on the work of Kirtman [52] , Lees and Baker [53] , and Herbst et al. [54] and has proven to be effective for molecules containing a C3v rotor and Cs frame. Our RAM36 (rho-axis-method for 3 and 6 fold barriers) code implements the RAM approach for molecules with the C3v top attached to a molecular frame of either Cs or C2v symmetry and having either a 3-or 6-fold barrier to internal rotation respectively [55, 56] .
The RAM36 Hamiltonian is represented as: The expression is written in a slightly symbolic form, in the sense that terms generated from the input with t = 0 are obtained by omitting the corresponding sine functions, rather than by simply setting t = 0 in them. In the case of a C3v top and Cs frame applicable to methyl mercaptan, allowed terms in the torsion-rotation Hamiltonian must be totally symmetric in the group G6 (and also must be Hermitian and invariant to the time reversal operation). Further details on the RAM36 code can be found in [55, 56] .
Assignments and fitting
The new data were assigned starting from the Cologne measurements in the 155−510 GHz frequency range and searching for series of intense a-type R-branch transitions with predictions based on rotational constants obtained from low level quantum chemical calculations. Assuming that the 13 C isotopic substitution does not appreciably alter either the molecular structure or the force field of the molecule, the quartic centrifugal distortion parameters and main internal rotation parameters (internal rotation constant F, coupling parameter ρ, internal rotation barrier V3) were fixed at the corresponding values of the 12 CH3SH parent molecule [46] . Fig. 1 illustrates the initial search of 13 CH3SH transitions in the 170−180 GHz range showing the relative intensities of the series of a R6 rotational transitions in the main, 34 S and 13 C isotopologues of methyl mercaptan. The similarity with the spectral patterns of the 34 S and the main isotopic species allowed rather straightforward assignments of ground state lines of 13 CH3SH and obtaining first fits. Further analysis proceeded as usual by gradually adding newly assigned transitions to the dataset in iterative cycles of improving the parameter set. In these cycles the data belonging to the first and second excited torsional states of 13 CH3SH were also added to the analysis. The Kharkiv measurements in the 49−149 GHz range were analyzed subsequently, and then the THz records (1.1−1.5 THz) were assigned at the final stage.
In total, 2702 rotational transitions were measured for the ground, first and second excited torsional states of 13 CH3SH which correspond to 2319 different line frequencies because of blending. Table 1 gives an overview of the dataset and the quality of our "best fit" in the present study. The highest J and Ka quantum numbers in the fit obviously decrease with increasing torsional excitation. The full dataset was fitted using 52 parameters with an overall weighted root mean square (rms) deviation of 0.85. The input and output files of the final fit are available as supplementary material with this article. The 52 parameters from the global fit of the 13 CH3SH spectrum are listed in Table 2 . Figs. 2 and 3 visualise the agreement that is achieved with our current model for the most intense R-type transitions around 121.9 GHz ( a R4 series) and 316.9 GHz ( a R12 series). It is seen that the positions and relative intensities of the 13 CH3SH lines are well predicted by our current model.
In Table 3 we compare the molecular parameters of all isotopologues studied by us thus far with the RAM approach [45−47] . Differences in the datasets led to slightly different sets of high order torsion-rotational parameters in all four fits. The comparison in Table 3 is consequently limited to parameters up to fourth order. Note that some parameter and operator expressions in Table 3 have changed in comparison with Table 2 . This is caused by the fact that the general Hamiltonian form (1) encoded in the RAM36 programme does not allow any modification of the coefficient in front of the expression. Thus all coefficients historically adopted for a number of terms (such as the minus sign in front of the quartic centrifugal distortion terms) are absorbed in the parameter values. For the purpose of the current comparison, we have recalculated all differing parameters to a more traditional form of the work [44] , which may be considered as a starting point of our methyl mercaptan studies.
As we can see from Table 3 , there are no big changes in the main internal rotational parameters V3, ρ, and F between the main, 13 C, and 34 S isotopologues compared to the H/D substitution. The 12 C/ 13 C and 32 S/ 34 S substitutions affect mainly B and C among the rotational constants, whereas H/D substitution significantly affects also the A rotational constant and Dab (the change in sign of Dab was discussed in detail in [45] ). Thus it is not surprising that the DK parameter of CH3SD is the most deviating among the quartic centrifugal distortion parameters, which in general agree rather well especially for the main, 13 C and 34 S isotopologues. Substantial differences are observed for the V6 term in the torsional potential expansion between the main and all other isotopologues. This is a consequence of differences in the datasets, since for the main isotopologue we were able to reach much higher energy levels than in the case of the 13 C, 34 S and D isotopologues. The higher we go up in energy the stronger the influence of intervibrational interactions with non-torsional low-lying vibrational states in methyl mercaptan (C−S stretch and CSH bend). In the current model, which does not include explicitly interactions with low-lying vibrational states, this influence is partly absorbed by the expansion coefficients of the torsional potential function distorting their 'true' values (this phenomenon is discussed in more details in Ref. [46] ). In the case of 13 C, 34 S and D isotopologues these distortions are much smaller since we were not able to reach high enough energies with our assignments. We point out that our first attempts to include in the Hamiltonian model explicit interactions with low lying vibrational states [58] lead to significant reductions in the V6 value, making it close to V6 value of the 34 S isotopologue.
If we consider in turn fourth order torsion-rotation distortion parameters we will see a very good agreement between main and 13 C, 34 S isotopologues for V3J, V3K, V3bc, V3ab, FJ, FK, D3ac, J, and K parameters and main torsional parameters (especially F and ). The D isotopologue shows more discrepancies in these parameters than the three other isotopologues, as can be expected because of the changes in the rotational parameters. The remaining fourth order torsion-rotation distortion parameters, namely Fab, Fbc, D3bc, ab, bc, DabJ, and DabK, display more disagreement in their values, and only D3bc is present in all parameter sets (see Table 3 ). So, it is quite possible that the observed disagreements in parameter values of different isotopologues is caused in part by differences in the parameter sets and thus further insights into the intercomparison of the RAM Hamiltonians of different methyl mercaptan isotopologues may be obtained only after unification of the parameter sets of different isotopologues (which is beyond the scope of the current study and may not be possible with the present datasets).
Astronomical observation
In our search for the 13 C isotopologue of methyl mercaptan we employ the Exploring Molecular Complexity with ALMA (EMoCA) imaging spectral line survey performed towards the high-mass star-forming region Sgr B2(N) using ALMA. The description of the observations, data reduction as well as the method used to identify the detected lines and derive column densities may be found in Ref. [20] . In brief, the frequency range from 84.1 GHz to 114.4 GHz was recorded with five frequency tunings at a spectral resolution of 488.3 kHz (1.7 to 1.3 km s −1 ). The survey has a median angular resolution of 1."6. The phase centre was set at (α,δ)J2000 = (17 h 47 m 19. s 87, −28º22'16."0). We focus on the peak position of the hot molecular core Sgr B2(N2) at (α,δ)J2000 = (17 h 47 m 19. s 86, −28º22'13."4) because the narrower lines and the absence of line wings in Sgr B2(N2) are favourable for detecting molecular species with weak emission lines. Important findings towards this core include the first detection of a branched alkyl compound, namely iso-propyl cyanide [59] , the detection of ethyl cyanide isotopomers with two 13 C [21] , an account on deuteration in Sgr B2(N2) [20] and an account on alkanethiols and alkanols in Sgr B2(N2) [16] .
Astronomical results
The best-fit radiative-transfer model obtained for the 32 S main isotopic species for Sgr B2(N2) [16] was used as a starting point in our search for rotational lines of the 13 C isotopologue of methyl mercaptan in the EMoCA spectrum of this source. We assumed the same temperature (180 K), size of the emitting region (1."4), linewidth (5.4 km s −1 ) and centroid velocity (73.5 km s -1 ) as those derived for the main isotopologue. We assumed a 12 C/ 13 C ratio of 23 based on findings that this ratio is about 20 to 25 in the Galactic centre [16, 20, [35] [36] [37] . With this assumption we get a column density of 1.5×10 16 cm −2 for 13 CH3SH (from 3.4×10 17 cm −2 obtained for the main isotopologue). These parameters were taken to model a synthetic spectrum of 13 CH3SH using Weeds [60] under the assumption of the local thermodynamic equilibrium approximation. The result is compared to the observed EMoCA spectrum in Fig.  4 . The synthetic spectrum of 13 CH3SH contains some emission features around three times the average noise level of Sgr B2(N2), however all of the strongest transitions predicted for 13 CH3SH are, regrettably, blended with emission from other molecules, preventing their attribution to this isotopologue. Therefore, this species cannot be unambiguously identified in the EMoCA spectrum.
Conclusions
A new investigation into the rotational spectrum of the 13 C isotopologue of methyl mercaptan was performed in the frequency ranges 49−510 GHz and 1.1−1.5 THz in order to derive accurate rest frequencies for astronomical searches. The rotational transitions of the ground, first and second excited torsional states with J up to 55 were fitted using a set of 52 RAM Hamiltonian parameters with an overall weighted rms deviation of 0.85. Reliable rest frequency predictions were calculated for astrophysical use up to 1.5 THz based on the present results. These are available as supplementary material to this article and will also be available in the catalogue section of the CDMS [24, 25] . 13 CH3SH was searched for in the EMoCA spectrum of Sgr B2(N2) between 84 GHz and 114 GHz, however blends with emission lines of other molecules impede its detection in this frequency range for this source. A future detection requires observations at higher angular resolution, at other frequencies or towards other sources. and ARAM, which occur in the Hamiltonian in the form F(p+Pa) 2 +ARAMPa 2 . b n = t + r, where n is the total order of the operator, t is the order of the torsional part and r is the order of the rotational part, respectively. c Parameter nomenclature based on the subscript procedures of [57] .
d All values are in cm −1 , except  which is unitless. Statistical uncertainties are shown as one standard uncertainty in the units of the last two digits. 
